a symmetry that deviates from the pseudo-dyad symme- FcRn (157Њ rotation, 13 Å translation) (Burmeister et al., Observations 187, 780 1994a). Unique reflections 32, 145 (3, 435) The HFE residue involved in the Cys260Tyr mutation Completeness (%) 98.1 (96.7) is in the ␣3 domain, where it disulfide bonds with Cys- I/ 23.7 (3.2) 203 ( Figures 1A and 1C) . His-41, the residue substituted of two negative charges.
Rms deviations from ideality
The surface of HFE includes a cluster of four histidine
Bond lengths (Å ) 0.009 residues accounting for one-third of the total histidines
Bond angles (deg) 1.4 in the human HFE heavy chain (Feder et al., 1996) have not yielded evidence of metal binding in this region (M. J. B., J. A. L., and P.J.B., unpublished data). Howcalculated structure factor amplitudes for the hkl reflection. Rfree is ever, the conditions under which the crystals were calculated for a set of reflections that were not included in atomic refinement (Brü nger, 1992b ).
soaked may not have been optimal for metal binding.
Groove Narrowing in HFE Prevents Peptide Binding
Although the overall structure of HFE resembles class I mechanism that involves binding to TfR in a pH-depen-MHC molecules, HFE lacks a functional peptide-binding dent manner.
groove. Whereas class I molecules bind short (8-10 residues) peptides (Rammensee et al., 1993) , peptides are Results not associated with HFE (Table 2 ). The crystal structure reveals the reason for HFE's lack of peptide binding: Structure of HFE its counterpart of the MHC peptide-binding groove is Soluble HFE/␤2m heterodimers were expressed in Chinarrowed by a translation of the ␣1 helix bringing it ‫4ف‬ nese hamster ovary (CHO) cells. The crystal structure Å closer to the ␣2 helix ( Figure 2A) . A striking feature of was determined to 2.6 Å by molecular replacement using the HFE groove is that the entire ␣2 helix is almost a 2.0 Å structure of the human class I MHC molecule identically positioned to the ␣2 helix in class I molecules, HLA-A2 (Collins et al., 1994) . The refined structure has whereas in the MHC-related molecules FcRn and CD1 good stereochemistry (Table 1 ) and 94% of the residues both helices are repositioned. within allowed regions of the Ramachandran plot as
The narrower groove in HFE results in burial of residefined by Kleywegt and Jones (1996) . dues analogous to those forming pockets that interact The overall structure of HFE resembles MHC class I with peptides in class I binding clefts. Class I pockets molecules (such as HLA-A2, with which it shares 37%
A and F accommodate the N and C termini of bound sequence identity). In both, the ␣1 and ␣2 domains form peptides and are lined with mostly conserved residues, a platform composed of eight antiparallel ␤ strands while the intermediate pockets (B to E) interact with topped by two antiparallel ␣ helices ( Figure 1B ) posipeptide side chains and contain residues that vary (Figtioned on top of two immunoglobulin constant-like doure 2B; Saper et al., 1991; Matsumura et al., 1992) . Overmains: ␣3 and the light chain ␤2m ( Figure 1A) . The indiall, about half of the HFE residues located in positions vidual domains in HFE can be superimposed upon the analogous to class I pockets A through F are buried, corresponding domains in HLA-A2 with rms deviations preventing them from an interaction with peptide (Table of less than 1.5 Å for most C␣ atoms, comparable to 3). In class I pocket A, tyrosines 7, 59, 159, and 171 superpositions of two other class I MHC-related prointeract with the peptide N terminus, and Trp-167 is at teins: the neonatal Fc receptor (FcRn) (Burmeister et al., the groove rim in many class I alleles ( Figure 2B ). In 1994a) and CD1, a class Ib MHC protein (Zeng et al., HFE, only two of the tyrosines are conserved (HFE Tyr-1997) (see Experimental Procedures). In HFE, as in class 10 and Tyr-160) and Tyr-10 is buried (Table 3) . In addition, the side chain of HFE Gln-168 (class I residue 167) I and class I-related proteins, ␣3 and ␤2m interact with (A) Ribbon diagram shows that HFE resembles class I molecules in the fold of the heavy chain (blue) and in its association with the ␤2m light chain (green). Cys-260, the residue substituted in the Cys260Tyr mutation, disulfide bonds with Cys-203. (B) Ribbon drawing of a top view of the HFE ␣1-␣2 platform. His-41 (red), the site of the His41Asp mutation, interacts with Asp-73 (green). (C) The HFE model in the region of the Cys-260-Cys-203 disulfide bond is shown superimposed on a 2F o ϪF c annealed omit electron density map (Hodel et al., 1992) contoured at 1. The average B factor for the residues shown is 48 Å 2 . (D) Close-up of a histidine cluster and nearby tyrosine located underneath the right-hand side of the platform. His-94 is found in class I MHC molecules (class I His-93); His-89 and His-123 are present only in human (Feder et al., 1996) , rat (EMBL accession number AJ001517), and mouse (Hashimoto et al., 1997) HFE. His-87 is present in human, but not mouse or rat, HFE. (A), (B), and (D) were made with Molscript (Kraulis, 1991) and rendered with Raster3D (Merritt and Murphy, 1994) . (C) was prepared with O (Jones and Kjeldgaard, 1997). points into the groove to occlude pocket A ( Figure 2C) bind peptides with side chains larger than alanine; e.g., Trp-114 on the HFE groove floor ( Figure 2C ). in a manner reminiscent of Arg-164 in FcRn (Burmeister et al., 1994a) .
The HFE counterpart of the peptide-binding groove is distinct from the grooves in two other MHC class In addition to resulting in burial of pocket residues, the groove narrowing causes several residues in HFE I-related proteins of known structure ( Figure 2A ): FcRn, which has an almost completely closed groove (Burto occupy positions that would clash with a bound peptide. To identify only those HFE residues that would meister et al., 1994a), and CD1 (Zeng et al., 1997) , which contains a deep hydrophobic groove that binds lipids clash with all bound peptides regardless of sequence, the side chains in four defined nonameric peptides (Beckman et al., 1994) and long (12-22 residues) hydrophobic peptides (Castañ o et al., 1995) . The total surbound to HLA-A2 (Madden et al., 1993) ). CD1 has a narrower but deeper groove than class I grooves, with the most extensive surface area ( Figure 2C ). The clashes are caused both by the translation of the ␣1 helix toward the ␣2 helix and by the presof all ‫0441ف(‬ Å 2 ) (see Experimental Procedures). The structural rearrangements resulting in grooves of ence of larger side chains in HFE as compared to class I (HFE Leu-69 versus class I Val-67, HFE Trp-72 versus various sizes and shapes differ in HFE, FcRn, and CD1. In contrast to HFE, in which the ␣2 helix is positioned class I His-70, HFE Met-75 versus class I Thr-73, and HFE Arg-153 versus class I Val-152). Additional HFE similarly to its counterpart in class I molecules, the ␣2 helix of FcRn or CD1 is kinked about a hinge point near residues probably also contribute to HFE's inability to that the HFE-TfR interaction does not require the trans- method of TfR immobilization (see Experimental Procedures), we injected HFE over TfR that was noncovalently coupled via its 6xHis-tag to a biosensor chip derivatized a proline. HFE is the only class I homolog that has a with nickel nitrilotriacetic acid (Ni-NTA). However, since proline at this position and HFE interacts directly with the Ni-NTA chip at high HFE CD1 Pro-169) in which a kink is not seen. Instead, HFE concentrations (Ͼ50 nM; Figure 3C ) (perhaps due to Pro-166 is accommodated without significant structural nickel binding to the His cluster on HFE; Figure 1D ), rearrangements relative to class I molecules (Figure 2A ), we could not obtain a precise value for the K D of this which contain a valine at this position (Val-165). The interaction. Nonetheless, the approximate affinity and reason appears to be that a local distortion, perhaps dissociation rate derived from the interaction of HFE related to a neighboring disulfide bridge involving class with His-tagged TfR captured on the Ni-NTA chip are I Cys-164, occurs at this point in class I molecules, and consistent with those derived using covalently immobithe -NH group of the subsequent class I residue (Vallized TfR and not with those derived using soluble TfR 165) is not hydrogen bonded in the helix. Thus, this and immobilized HFE ( Figure 3 ; Table 4 ). Thus, TfR binds position in the ␣2 helix can accommodate a proline as to immobilized HFE more tightly than HFE binds to imoccurs in HFE without altering the structure. mobilized TfR. The biosensor studies demonstrate that TfR and HFE HFE Binds Tightly to TfR at pH 7.5 interact strongly with an affinity either comparable to but Not at pH 6 the affinity of TfR for its Tf ligand or no more than 100-In order to further characterize the interaction of HFE fold weaker ( Figure 3 ; Table 4 ). We cannot ascertain the with TfR, we expressed a soluble form of TfR (residues reason for the coupling-dependent affinity difference of 121-760) corresponding to a previously characterized the HFE-TfR interaction, but note that coupling-depenproteolytic fragment purified from human placenta (Turdent differences have been observed in other biosensor kewitz et al., 1988a). Since TfR is normally a disulfideassays (Kuziemko et al., 1996 ; Vaughn and Bjorkman, linked homodimeric type II membrane glycoprotein 1997). In those cases, the higher affinity values corre- (Schneider et al., 1984) , we first verified that the propersponded more closely to values derived from cell bindties of soluble recombinant TfR are similar to those of ing assays. By analogy, we expect the higher affinity (KD its membrane-bound counterpart. Analytical ultracen-‫6.0ف‬ nM; Table 4 ) to be more relevant for the physiologitrifugation demonstrated that soluble TfR is dimeric cal interaction of TfR and HFE so that TfR binds HFE at (data not shown). In a surface plasmon resonance (SPR) least as tightly as it binds its Tf ligand. In vivo, complex based assay, soluble TfR binds Fe-Tf with a KD ‫3ف‬ nM formation between TfR and HFE is likely to be even more at pH 7.5 ( Figure 3 ; Table 4 ; KD's cited in the text are favored than predicted from the affinities determined the median of the range of values derived under different in these biosensor studies due to tethering of the two experimental conditions), consistent with the affinity of proteins on the same membrane. Fe-Tf for membrane-bound TfR (5 nM; Richardson and At pH 6.0, HFE shows either only very weak binding Ponka, 1997, and references therein). Soluble TfR also (K D Ͼ 10 mM) or no detectable binding to TfR (Table 4 ; retains membrane-bound TfR's pH-dependent affinity Figures 3A and 3B) . Thus, the TfR-HFE binding affinity for apo-Tf, binding at pH 6.0 (K D ‫8ف‬ nM) but not at pH drops from nanomolar to essentially undetectable over 7.5 ( Figure 3 ; Table 4 ). Since soluble TfR retains the a change in pH of less than two units (Table 4) . Histidine binding properties and physical characteristics of memresidues, with their near-neutral pK a 's, are likely candidates to mediate pH-dependent binding over this pH brane-bound TfR and because previous studies implied range (Fersht, 1985) . Specifically, neutral histidines Insight into the molecular mechanism of HFE in iron uptake regulation is provided by the recent discovery could be involved in binding of TfR and HFE at the pH of the cell surface (‫ف‬pH 7.4) with protonation of that HFE binds to TfR Feder et al., 1998) and thereby reduces its affinity for Fe-Tf (Feder histidines in acidic vesicles (‫ف‬pH 6.0) then mediating the dissociation of TfR and HFE. The prominent patch et al., 1998). The HH mutations either eliminate the binding of HFE to TfR (Cys260Tyr) or alter HFE's ability to of histidines in HFE ( Figure 1D ) and/or His-41, the site of one of the HH mutations, could be involved in these reduce the affinity between TfR and Fe-Tf (His41Asp) (Feder et al., 1998) . How perturbation of the HFE-TfR sorts of pH-dependent interactions (see Discussion).
association might result in increased iron absorption in the small intestine, as seen in patients with HH (McLaren HFE and Tf Bind to TfR with Different et al., 1991) , will require additional studies (for further Stoichiometries and Can Bind Simultaneously discussion see Feder et al., 1998) . However, a higher to Form a Ternary Complex affinity between TfR and Fe-Tf due to the absence of We used a gel filtration assay to determine the stoichifully functional HFE could lead to increased iron uptake ometry of the interaction of TfR with Tf and with HFE.
by cells in some tissues, ultimately causing excess iron At pH 7.5, TfR and Fe-Tf form a complex with 2:2 stoichideposition in the major organs, a primary defect in HH ometry (Figure 4) , consistent with earlier results (Enns (Bacon and Tavill, 1996). and Sussman, 1981) and with the hypothesis that each
To further define the HFE-TfR association, we have polypeptide chain in the TfR homodimer binds to one begun to characterize the interaction between soluble Tf molecule. At the same pH, TfR complexes with HFE forms of HFE and TfR. Considering that HFE was only with 2:1 stoichiometry (Figure 4 ), corresponding to one recently identified as a component in the TfR pathway, TfR homodimer binding only one HFE. At pH 6.0, HFE HFE and TfR form a surprisingly high affinity complex and TfR do not form a complex that is observed on the at the slightly basic pH found at the cell surface (K D ‫6.0ف‬ sizing column (data not shown), as expected from the nM), while at the acidic pH corresponding to intracellular biosensor studies (Table 4) .
vesicles there is little or no binding of HFE to TfR. The The observation that HFE and Tf bind to TfR with pH-dependent affinity of the HFE-TfR interaction is remidifferent stoichiometries implies that TfR uses a different niscent of the interaction between TfR and apo-Tf and mode of binding to interact with each protein, which in of the interaction between FcRn and its immunoglobulin turn suggested that a ternary complex of TfR, Tf, and G (IgG) ligand, interactions that each show a sharp pH HFE could form. We used an anti-HFE monoclonal antidependence in the range between pH 6 and pH 7.5 body (1C3) that does not interfere with HFE binding (reviewed in Richardson and Ponka, 1997 ; Junghans, to TfR to investigate whether Tf coimmunoprecipitates 1997). In the TfR-apo-Tf and FcRn-IgG systems, the along with HFE and TfR. HFE, TfR, and Fe-Tf were incureceptors' functions involve trafficking through acidic bated at a 1:2:2 molar ratio (corresponding to one HFE, compartments as a complex with ligand and release of one TfR homodimer, and two molecules of Fe-Tf), folligand at the slightly basic pH of blood. The sharp pH lowed by immunoprecipitation. SDS-PAGE analysis dependence of the HFE-TfR interaction, an unusual feademonstrates that bands corresponding to HFE, TfR, ture of a protein-protein interaction unless it is required and Fe-Tf are present regardless of the order of addition for pH-regulated binding during trafficking, implies that of the proteins ( Figure 5) .
HFE enters the cell along with TfR-Tf complexes, then dissociates from TfR in acidic vesicles. Thus, studies of Discussion HFE trafficking and/or recycling might be pertinent to HFE's role in the regulation of iron homeostasis. HFE was initially implicated in iron metabolism by the Histidine residues are likely candidates for mediating discovery that it is mutated in patients afflicted with pH-dependent protein interactions at pH values near HH, an iron-overload disorder (Feder et al., 1996) . The neutral. Histidines have a pK a of 6.6 in model compounds majority of HH patients are homozygous for a single site (Fersht, 1985) and are therefore likely to be neutral at mutation leading to the Cys260Tyr substitution (rethe basic pH of blood and to carry a positive charge at viewed in Cuthbert, 1997) that disrupts the interaction the pH of acidic intracellular vesicles. The FcRn-IgG between HFE and its ␤2m light chain and prevents cellsystem is a well-characterized example of a pH-depensurface expression (Feder et al., 1997; Waheed et al., dent affinity difference mediated through titration of his-1997). The 2.6 Å crystal structure of HFE confirms that, tidines (Vaughn and Bjorkman, 1998) . By analogy, the as predicted from its sequence (Feder et al., 1996) , pH dependence of the HFE-TfR interaction could be due HFE closely resembles class I MHC molecules and that to a favorable interaction at neutral or slightly basic pH Cys-260 is involved in a disulfide bridge analogous to involving uncharged histidines on one or both proteins, those found in class I MHC ␣3 domains. The residue which becomes unfavorable upon acquiring positive involved in a second mutation found in some HH patients charge(s) by protonation at acidic pH. The distribution (His41Asp) is located in a loop within the ␣1 domain. This of histidines in TfR is unknown, but the HFE structure mutation may alter the structure of the protein locally includes an intriguing patch of histidines ( Figure 1D ) that by a loop rearrangement to avoid juxtaposition of the could act as a pH-dependent switch to modulate the substituted aspartate with Asp-73, a residue with which interaction. In addition to the potential involvement of His-41 normally interacts. The existence of these mutathe clustered histidines in intermolecular pH-dependent tions in HH patients implies that properly folded HFE is interactions, HFE His-41 is involved in an intramolecular pH-dependent interaction in that it forms a salt bridge required for prevention of iron overload. a Pocket residues in the peptide binding groove of HLA-A2 are defined as having Ն5.0 Å 2 of solvent accessible surface area with a 1.4 Å probe radius but Ͻ5.0 Å 2 with a 5.0 Å probe radius. Analogous residues in HFE are listed for comparison. "Buried" indicates an HFE residue that is inaccessible to a 1.4 Å probe. Surface areas were calculated excluding water molecules and bound peptide using the coordinates of HLA-A2 (PDB code 2CLR) and HFE. b Steric clashes with polyalanine peptides defined as described ( Figure 2C ). c Residues that have accessible surface in the binding cleft of HLA-A2 and hence constitute pockets (Saper et al., 1991) , but are accessible to a 5.0 Å probe and do not meet the criterion for pocket residues described above. a with Asp-73 ( Figure 1B ) that would be more stable at groove is not large enough to accept a loop from TfR in the position where a peptide would bind to a class I acidic compared to basic pH. Interestingly, this residue is mutated to aspartate in some HH patients (Feder et molecule. Alternatively, HFE may use an entirely different surface for binding ligands. A precedent for an MHCal., 1996; Beutler, 1997) , destroying its potential to form a pH-dependent salt bridge. related molecule that binds ligands using a molecular surface other than the groove is found in the example Because HFE is structurally similar to MHC molecules, another candidate for its ligand recognition site is the of FcRn. Like HFE, FcRn functions in a recognition event (binding and transporting IgG) that bears no resem-HFE counterpart of the MHC peptide-binding groove, a characteristic feature of classical class I molecules and blance to the antigen presentation functions of classical class I MHC molecules and CD1, and its counterpart of CD1. Biochemical and structural analyses demonstrate that HFE does not bind peptides or other small molethe MHC peptide-binding groove is closed and is not the binding site for IgG (Burmeister et al., 1994b) . cules in this region. Although the region of HFE involved in ligand binding remains to be established, the nar-
The interaction between HFE and TfR will ultimately require a detailed characterization of both proteins, rowing of the HFE groove compared to class I molecules suggests that HFE does not use what remains of its which we have initiated by an analysis of their complex. Our observation that the stoichiometry of TfR's interacgroove for ligand recognition in a manner analogous to peptide binding in MHC molecules. That is, although tion with Fe-Tf (2:2) differs from the stoichiometry of its interaction with HFE (2:1) implies that HFE and Tf bind TfR could bind to this general area on HFE, the HFE (magenta). Heavy chains share 22% sequence identity. HFE Pro-166 (labeled) is analogous to CD1 Pro-162, located at a kink in the CD1 ␣2 helix. on TfR. Since TfR is homodimeric (Schneider et al., 1984; 1990) as previously described for UL18 and FcRn (Chapman and Turkewitz et al., 1988a) , it seems reasonable to postulate . Low-molecular weight filtrates of the acid eluates a 2-fold symmetric structure for a Tf-TfR complex in were lyophilized, and half of each eluate was analyzed by automated which each polypeptide chain binds to one Tf to produce Edman degradation using an Applied Biosystems model 477A pro-2:2 stoichiometry (Enns and Sussman, 1981) . The finding tein sequencer for pool sequencing (Table 2) . that only one HFE binds to a TfR homodimer raises the possibility that HFE binding induces asymmetry in the why and how evolution has selected the MHC fold for such diverse biological roles.
Structure Determination and Refinement
The structure was determined by molecular replacement using AMoRe (Navaza, 1994) . A self-rotation function (15.0-4.0 Å ) revealed Experimental Procedures a noncrystallographic 2-fold axis positioned at 45Њ in the x-y plane.
Cross-rotation and -translation functions (15.0-4.0 Å ) using the 2.0 Expression, Purification, and Characterization of Soluble HFE Å structure of HLA-A2 (PDB code 2CLR with the peptide omitted, nonconserved side chains truncated to alanine, residues 124-156 A construct encoding soluble HFE (residues 1-275 of the mature protein) was subcloned after sequencing into the expression vector deleted) as a search model yielded a solution for the first molecule (correlation coefficient: 26.6%; R factor of 55.0%). The second mole-PBJ5-GS that carries the glutamine synthetase gene as a selectable marker and means of gene amplification in the presence of methiocule was found in a partial translation function with the first molecule fixed in which the coordinates for the first molecule were rotated nine sulfoximine (Bebbington and Hentschel, 1987) . HFE and human ␤2m expression vectors were cotransfected into CHO cells. Selecaccording to the noncrystallographic 2-fold and used as a search model (correlation coefficient: 29.7%; R factor of 53.2%). Rigid body tion, amplification, and maintenance of methionine sulfoximineresistant cells and identification of HFE-expressing cells were done refinement (6.0-3.5 Å ) of both molecules resulted in an R cryst of 50.9% (R free ϭ 50.5%). Averaged and solvent-flattened maps calculated to as described (Chapman and Bjorkman, 1998) . HFE/␤2m heterodimers were isolated from supernatants of cells grown in a hollow fiber 2.9 Å with DM (Cowtan, 1994) showed density for residues 124-156 and the ␣1 helix (shifted ‫4ف‬ Å relative to HLA-A2). Residues 124-156 bioreactor device (Unisyn Fibertec) at yields up to 35 mg/liter using an immunoaffinity column made with an anti-HFE monoclonal antiwere modeled using O (Jones and Kjeldgaard, 1997), and the ␣1 helix was positioned by rigid body refinement. Further rebuilding body (1C3) (J. A. L., H. Shen, P. J. B., and S. Ou, unpublished data). HFE was eluted from the 1C3 column using 50 mM diethylamine was done using averaged simulated annealing F o ⌽ ave omit maps (Hodel et al., 1992 ) (throughout the model in ‫%01ف‬ increments) and (pH 11.0) into tubes containing 1M monobasic sodium phosphate, then further purified by anion exchange chromatography using an conventional (2F o ϪF c )⌽ calc and (F o ϪF c )⌽ calc maps. Anisotropy and bulk solvent corrections were applied, and the model was refined FPLC mono Q column (Pharmacia Biotech). N-terminal sequence analysis of purified protein yielded the sequences RLLRSHSLHYLF against the Brookhaven dataset (15-2.6 Å ) with tight NCS restraints (300 kcal/mol·Å 2 ) and individual temperature (B) factors using and IQRTPKIQVYSR corresponding to correctly processed mature HFE and human ␤2m. In our numbering system, the first amino acid XPLOR (Brü nger, 1992a) . Despite the relatively high mean B factor each representing the indicated percent of the total binding sites. Individual proteins or mixtures of proteins were immunoprecipitated with 1C3 (anti-HFE) and analyzed on a 10% reducing SDS-PAGE gel (conditions chosen to maximize separation between TfR and Tf). Proteins listed in parentheses were incubated together first, followed by addition of the third protein.
The ␤2m light chain of HFE and the antibody light chain are present on gels composed of a higher percentage of acrylamide (data not shown).
Comparisons to Class I-Related Proteins and Analyses of Groove Surfaces
Alignments were performed with LSQMAN Groove surface areas were calculated as follows. First, groove residues were identified as those having Ն5.0 Å 2 of solvent-accessible surface area using a 1.4 Å probe radius but Ͻ5.0 Å 2 of solventaccessible surface area calculated using a 5.0 Å probe radius in XPLOR (Brü nger, 1992a) . Using GRASP (Nicholls et al., 1991) , we then (i) built a molecular surface of only the groove residues, (ii) Figure 4 . Gel Filtration Chromatographic Demonstration that TfR selected the contiguous groove surface between the ␣1 and ␣2 Binds to Tf and to HFE with Different Stoichiometries helices by scribing its perimeter, and (iii) calculated its surface area. TfR and Fe-Tf (left panel) or TfR and HFE (right panel) were incubated This residue-based method of calculating groove surface areas difat pH 7.4 at the indicated molar ratios, then passed over a sizing fers from the atom-based method described by Zeng et al. (1997) . column to separate TfR:Tf or TfR:HFE complexes from uncomplexed For comparison, we also used the atom-based method, which proteins. At a 2:2 molar ratio of TfR to Tf and a 2:1 molar ratio yielded estimates for the groove surface areas in HFE ‫014ف(‬ Å 2 ), of TfR to HFE, virtually all of the protein chromatographed as the class I ‫096ف(‬ Å 2 ), and CD1 ‫0931ف(‬ Å 2 ) that were similar both to the complex. When the input ratio of TfR to Tf was greater than 2:2 values calculated with the residue-based method (see text) and to there was excess TfR, and when it was less than 2:2 there was values previously reported (Zeng et al., 1997) . However, we were excess Tf (verified by SDS-PAGE analysis; data not shown). Likeunable to define a contiguous groove surface for FcRn using the wise, when the input ratio of TfR to HFE was greater than 2:1 there atom-based method. The residue-based method yields a value of was excess TfR, and when it was less than 2:1 there was excess HFE.
‫532ف‬ Å 2 , approximately half of the value reported by Zeng et al. Schematic representations of the TfR: Tf and TfR:HFE complexes (1997) , presumably because the grooves were defined differently. shown beside the chromatograms are consistent with the data, but do not represent the only possible models accounting for the Expression, Purification, and Characterization of TfR different stoichiometries.
A soluble version of TfR, normally a type II membrane glycoprotein (Schneider et al., 1984) , was expressed in a lytic baculovirus/insect cell expression system. The portion of the human TfR gene encoding residues 121-760 (the C-terminal amino acid of wild-type TfR) was of 62 Å 2 (Wilson B factor ϭ 67 Å 2 ), the model is generally well defined in the electron density ( Figure 1C) . The model (R cryst ϭ 23.3%; fused 3Ј to a gene segment encoding the hydrophobic leader peptide from the baculovirus protein gp67, a 6xHis-tag, and a factor X a Rfree ϭ 27.7%) includes 272 out of 275 residues in the recombinant HFE heavy chain and all 99 of the residues in ␤2m. No ordered cleavage site in a modified version of the pAcGP67A expression vector (Pharmingen). The N-terminal start site for soluble TfR was density was observed for carbohydrate at the three potential N-linked glycosylation sites at positions 88, 108, and 212. A large chosen based on studies of a previously characterized soluble proteolytic fragment of TfR beginning at residue 121, which has been difference electron density peak near Phe-76 in an apolar pocket was not conclusively identified but was modeled as water in the crystallized (Borhani and Harrison, 1991) and forms a stable dimer that binds Tf, although it lacks two interchain disulfides involving absence of other chemical information. Residues 1-3 are not seen in the electron density and 14 side chains are disordered and were Cys-89 and Cys-98 (Turkewitz et al., 1988a) . Recombinant virus was generated by cotransfection of the transfer vector with linearized modeled as alanines (HFE residues 18, 42, (53) (54) (55) (56) (57) 63, (66) (67) 106 , and 177; ␤2m residues 48 and 75). Several regions in loops include viral DNA (Baculogold; Pharmingen). TfR was purified from supernatants of baculovirus-infected High 5 cells using Ni-NTA chromatogresidues with real space correlation values (Jones and Kjeldgaard, 1997) below one standard deviation from the mean (residues 17-23, raphy (Ni-NTA superflow; Qiagen) followed by gel filtration chromatography using a Superdex-200 FPLC column (Pharmacia). A far UV 53-61, 90-91, 106-108, 174-176, 225-230). Figure 3A) . b Determined from the ratio of the kinetic constants (k d /k a ) from experiments performed in triplicate when a standard deviation is given. Only the higher affinity of two noninteracting binding sites is reported when sensorgrams were fit to a model assuming two independent classes of binding sites (see Figure 3B ). c 6xHis-tagged TfR was noncovalently immobilized to a density of 220 RU on an Ni-NTA sensor chip ( Figure 3C ). d TfR was covalently immobilized to a density of 2310 RU for the equilibrium experiments and 420 RU for the kinetic experiments. e TfR was covalently immobilized to a density of 1460 RU for the equilibrium experiments and 420 RU for the kinetic experiments. The equilibrium measurements at pH 6 did not fully equilibrate during the injection time, thus 15 nM is the upper limit for the K D. 10 mM PPi was added to the buffer at pH 7.5 to prevent loading of apo-Tf with trace amounts of iron in the buffers. f TfR was covalently immobilized to a density of 1600 RU for the equilibrium experiments and 420 RU for the kinetic experiments. g HFE was covalently immobilized to a density of 3800 RU for the equilibrium experiments and 418 RU for the kinetic experiments.
CD spectrum of the purified protein (data not shown) verified folding solutions to the activated flowcell. For the kinetic experiments involving TfR, the 6xHis-tag was removed by factor X a (New England and resembled the spectrum of the proteolytic fragment of TfR (Turkewitz et al., 1988b) .
Biolabs) treatment according to the manufacturer's instructions, followed by purification on a Biospin column (Biorad). Proteins were injected at room temperature in 50 mM PIPES (pH 6.0 or pH 7.5), Biosensor-Based Affinity Measurements A BIAcore 1000 biosensor system (Pharmacia LKB Biotechnology) 150 mM NaCl, 0.005% BIAcore surfactant P20. All injections onto a TfR-or HFE-coupled flowcell were followed by an identical injection was used to assay interactions between HFE, TfR, and human Tf (Sigma; Fe-Tf was further purified by gel filtration chromatography).
onto a mock-coupled flowcell or a flowcell coupled with an irrelevant protein in order to subtract out significant nonspecific responses. Binding between a molecule coupled to a biosensor chip and a second molecule injected over the chip results in changes in the To achieve a defined orientation and to avoid exposing TfR to the low pH conditions required for primary amine coupling (which SPR signal that are read out in real time as resonance units (RU) (Malmqvist and Granzow, 1994) . We derived equilibrium dissociation produce a conformational change resulting in self-association at pH Ͻ6 [Turkewitz et al., 1988b] ; J. A. L., P. J. B., and P. Poon, constants (K D's) whenever possible using two methods. In the first (K D,eq column in Table 4 ), binding reactions were allowed to closely unpublished data), we injected soluble HFE over 6xHis-tagged TfR noncovalently coupled to a biosensor chip derivatized with Ni-NTA. approach or to reach equilibrium by using long injections (50 min) with slow flow rates (5 l/min) over biosensor chips coupled to
Only kinetic experiments were performed using this chip, since the amount of His-tagged TfR released from the Ni-NTA chip became high densities (Ͼ1000 RU). K D,eq values were derived by nonlinear regression analysis of plots of R eq (the equilibrium binding response) significant during the long injections required for the equilibriumbased measurements. The Ni-NTA chip could not be used for bindversus the log of the concentration of the injected protein ( Figure  3A ). The fit of data to binding models assuming one or more classes ing studies at pH 6.0, as the 6xHis interaction with nickel is not stable at this pH. of interacting or noninteracting binding sites was then examined, and the appropriate model was chosen as described (Vaughn and Bjorkman, 1997) . In the second method (K D,calc in Table 4 ; KD,calc ϭ Gel Filtration Analyses of TfR-Tf and TfR-HFE Stoichiometries Protein concentrations were determined spectrophotometrically at k d/ka; ka and kd are the association and dissociation rate constants, respectively), kinetic constants were derived from binding experi-280 nm using the following extinction coefficients: HFE, 96570 M . Extincments conducted for shorter times (2-4 min) using faster flow rates (50 l/min) over chips coupled at lower densities ‫004ف(‬ RU). These tion coefficients were first calculated from the protein sequences, then A 280 measurements for a fixed amount of each protein were conditions were chosen to minimize mass transport effects upon the kinetics of binding reactions (Karlsson and Fä lt, 1997) , which compared in 6 M GuHCl and aqueous solutions and the coefficient was adjusted if necessary. For the TfR:Tf experiments, molar ratios are not a concern for the equilibrium measurements. Kinetic constants were derived from sensorgram data using simultaneous fitting from 3:2 to 1:2 of TfR and Fe-Tf were incubated for 20 min at room temperature in 20 mM Tris (pH 7.4), 150 mM NaCl, 0.02% NaN 3, to the association and dissociation phases of the interaction and global fitting to all curves in the working set ( Figures 3B and 3C) as keeping the amount of TfR fixed at 200 pmol in a total volume of 25 l. For the TfR:HFE experiments, molar ratios from 3:1 to 1:1 of implemented in BIAevaluation version 3.0.
TfR (20 g/ml in 5 mM maleate [pH 6.0]) or HFE (55 g/ml in 20 TfR and HFE were incubated as described above, keeping the amount of HFE fixed at 360 pmol in a total volume of 25 l. Samples mM sodium acetate [pH 5.0]) was immobilized using standard amine coupling chemistry on a CM5 chip (Pharmacia LKB Biotechnology).
(25 l) were injected onto a Superose 6B FPLC column (Pharmacia), eluted with the same buffer at 0.5 ml/min, and the fractions analyzed Higher coupling densities for the equilibrium-based experiments were achieved by increasing the time of exposure of the protein by SDS-PAGE (data not shown).
